[1] This study examines the broad implications of diffusive transport induced fractionations on the interpretation of isotopic processes in the geophysical environment using the example of gaseous CO 2 transport in soils. We use a simple model to simulate isotopic transport of CO 2 from soil into a headspace chamber, followed by laboratory validation of predicted values. The combined effects of isotopic and concentration gradients results in an observed fractionation of different magnitude than the accepted theoretical diffusion fractionation, which falls continuously during the headspace equilibration period. We show that isotopic data from a non-steady state diffusive environment can be misinterpreted when steady state diffusion models are applied. The simple processes illustrated here can be extended to any isotopic species, and any diffusive environment where some (or full) equilibration takes place between component species.
Introduction
[2] Isotopic studies are frequently carried out in environments where diffusion is the dominant mode of transport, including the ocean [Siddall et al., 2005] , freshwaters [Brennwald et al., 2005] , ice [Severinghaus and Battle, 2006] , solid earth [Watson and Baxter, 2007] , shallow subsurface [Cerling et al., 1991] , and terrestrial vegetation [Landais et al., 2006] . While researchers develop novel ways of exploiting isotopic fractionations as a way to track biochemical or physical processes, exploration of basic fractionation mechanisms associated with diffusive transport lags behind and transport effects are only considered on a sporadic basis [Watson and Baxter, 2007] , an oversight that may add uncertainty to isotope-based studies.
[3] Kinetic fractionations are associated with diffusive transport. For gases, the diffusivities of isotopically distinct molecules are inversely proportional to the square root of molecular weight, as defined by Graham's Law. The isotopically lighter 12 C-CO 2 theoretically moves faster under the same concentration gradient than 13 C-CO 2 by a factor of 1.0044 (or 4.4 per mil), a fact which has been confirmed in natural systems at steady state [Cerling et al., 1991] .
[4] At non steady-state, however, less information is available on isotopic fractionation in diffusion-dominated environments. Researchers have observed dynamic isotopic effects in non-steady state systems, including fractionationconcentration dependence in minerals [Richter et al., 2003] and changes in apparent fractionation of carbon isotopes in methane during the approach to steady state [Zhang and Krooss, 2001] . Since these mechanisms have implications for the interpretation of isotopic data, it is important to clarify transport-related fractionations, and the magnitude of these effects relative to the variations in isotopic signature being measured.
[5] Here, we use a simple model to simulate non-steady state isotopic transport. In this case, we examine fractionations associated with CO 2 evolution from soil into a headspace chamber, where we treat isotopically distinct 12 C-CO 2 and 13 C-CO 2 as separate entities that move according to gradients of fractional abundance and Fick's Law, at theoretical diffusivities. Laboratory studies on soil incubation plots are used to confirm model results. We investigate fractionation dependence on transport factors including bulk diffusion rate, gradient, and equilibration state. We also evaluate existing models for this particular application to assess whether transport fractionations are adequately considered. Our results can be extended to diffusive gas isotope research at larger or smaller scales, and to other fields of isotope-based research.
Methods

Model Simulation
[6] Since the gas transport properties of 12 C-CO 2 and 13 C-CO 2 are unique, we propose an interpretation and iterative model that considers them as separate diffusing gases. This assumes that oxygen isotope variability is decoupled from that of carbon isotopes and that no systematic covariance is observed. According to Fick's Law, the flux of 12 C-CO 2 and 13 C-CO 2 into a chamber headspace also containing 12 C-CO 2 and 13 C-CO 2 is proportional to the concentration gradients and theoretical diffusivities specific to each gas:
where D is the diffusivity (m 2 s À1 ), C is the CO 2 concentration (g m À3 ), z is depth (m) and i is gas of interest, either 12 C-CO 2 or 13 C-CO 2 in this case.
[7] High concentrations of CO 2 are present in soil profiles owing to continuous production, giving rise to concentration gradients between soil air and the headspace of a chamber placed on the soil surface. The fluxes of 12 C-CO 2 and 13 C-CO 2 depend strictly on d 13 C-CO 2 in the upper soil profile relative to the chamber headspace.
[8] Model input parameters include chamber dimensions, theoretical diffusivity of 12 C-CO 2 and 13 C-CO 2 , depth, and the initial concentration of C-CO 2 for specified time steps. For each time step, we predict a new headspace concentration and an observed headspace d 13 C-CO 2 signature, both of which are used to initialize the next time step.
[9] Model runs were performed using parameters representative of laboratory experiments, spanning a broad range of soil respiration rates (0.2 to 16 mmol Á m À2 Á s
À1
), and diffusivities representative of coarse soils (6 and 0.6
) [Risk et al., 2007] .
Experimental Trials
[10] To confirm model results, experimental trials were carried out using triplicate soil incubation plots of 0.1 m 3 (0.25 m 2 surface area). Soils were a mix of commercial organic topsoil and silica sand, compacted in 5 cm layers to a bulk density of 1.24 kg Á l À1 . Soil respiration rates for the plots are comparable to those measured in local soils (roughly 1 and 3 mmol Á m À2 Á s À1 at 15 and 30°C, with a Q 10 of 2.
[11] Tests were carried out in 20 m 2 growth chambers (Acadia University, Argus Controls) to maintain temperature of 15 or 30°C to induce different rates of soil respiration and vertical CO 2 concentration gradients, and 90% relative humidity to minimize evaporation. Chamber headspace fluxes were tested with the soils at 14, 21 and 30% volumetric water content. Soil plots were instrumented with subsurface gas sampling equipment [Risk et al., 2002] at 2, 7, 15 and 22 cm, Vaisala GMM 220 CO 2 probes, and temperature probes at 5 cm coupled to a Campbell Scientific CR23x datalogger. Air temperature, humidity, CO 2 concentration and d 13 C-CO 2 signature were also monitored during the experiments using the Argus sensors and an autosampler, respectively. The autosampler holds evacuated 12 ml Exetainers (Labco, UK) which are sampled by a mechanism controlled by the CR23x datalogger.
[12] Two sizes of headspace chambers were used: 60 cm I.D. Â 15 cm and 10 cm I.D. Â 11 cm. Both used soil collars (3 cm insertion depth, gas-tight gasket), were vented using 0.32 cm Â 30 cm tubes, and fitted with needles for sampling the chamber headspace with evacuated 12 ml Exetainers. Large chambers were used for repeat headspace sampling as by Hogberg and Ekblad [1996] , and approximately 50 measurements were conducted, with 6 samples withdrawn over a 20 minute interval. Occasionally we extended these time series to 60 minutes. The 50 measurements were conducted in replicate plots and under different temperature and soil moisture regimes. Another 50 measurements were made using smaller chambers, to generate long time series (up to 12 hours) for which the large chambers could not be used because repeat sampling would have drawn too much air. Our long-term time series are a composite of individual equilibration measurements using small chambers. The chambers were deployed for a specified time interval, at the end of which a single 12 ml volume was withdrawn. Good correspondence was noted between small and large chamber methods. Soil profile and air samples were taken immediately following chamber measurements to determine the ambient soil profile CO 2 and d 13 C-CO 2 . Samples were analyzed within 48 hours using a GV Isoprime CF-IRMS and Multiflow gas bench. Analytical error was determined to be less than 0.1 per mil d 13 C-CO 2 , and 1-3% of reading for CO 2 concentration.
Results and Discussion
Fractionations During Diffusive Equilibration
[13] We tested our iterative model for several control scenarios (Figure 1 ) where d 13 C-CO 2 in soil and chamber air were assumed to be À17.4 and À10.8 per mil, respectively, or the observed signatures of soil and atmospheric d 13 C-CO 2 in our laboratory experiments. In the absence of concentration gradients, isotopic differences between soil and chamber headspace (squares) results in mixing of the two gas pools, and exhibits a predictable linear behavior on a Keeling plot [Keeling, 1958] . When concentration gradients are present but 12 C-CO 2 and 13 C-CO 2 diffusivities are the same (no fractionation), the result is a classic headspace equilibration curve for d 13 C-CO 2 (triangles).
[14] Realistic scenarios involve gradients in concentration and differences in isotopic signature between equilibrating gases. For this case (Figure 1) , the maximum observed transport fractionation is neither 0 nor À4.4 per mil, but somewhere in between (solid line). It is unlikely that the À4.4 per mil theoretical fractionation is observed in non-infinite source/sink diffusive environments that are moving towards equilibrium. Even though the À4.4 per mil theoretical fractionation is present in our model, concentration gradients for faster-moving 12 C-CO 2 are first to slacken, which reduces the rate of 12 C-CO 2 flux relative to that of 13 C-CO 2 . The combined effect of concentration C-CO 2 signatures in a headspace chamber as a function of time, under various scenarios; squares, isotopic gradient, no concentration gradient; triangles, concentration gradient, no transport fractionation; solid line (realistic), transport fractionation, isotopic and concentration gradients; and crosses, chamber headspace concentration (secondary y-axis) for both triangle and solid line timeseries.
gradients and diffusive fractionation results in an observed fractionation that decreases continuously throughout the equilibration period.
[15] Long-term observations (circles, Figure 1 ) demonstrate how the chamber headspace d 13 C-CO 2 enriches to the known soil air value after a period of initial depletion. This pattern corresponds very well to that predicted by our simple model. Other researchers using headspace chambers have not documented these effects, probably due to the relatively short sampling timescales involved [Mortazavi et al., 2004; Soe et al., 2004; Hogberg and Ekblad, 1996] . The measured d 13 C-CO 2 signature at the longest time interval is slightly enriched relative to the model-predicted value, reflecting a small degree of exchange through the vent tube over the longest 12-hour interval.
[16] Using the model and a range of input parameters typical of soils, we sought to assess the magnitude of observed fractionations that could be expected under a range of conditions. As shown in Figure 2 , basic gas transport parameters (concentration gradients and diffusivity) directly control the fractionation observed during a headspace measurement. For high concentration gradients (Figure 2a) , the observed fractionation may be >2 per mil, whereas observed fractionations are near zero for small concentration gradients. The overall magnitude of fractionation is determined by concentration gradient, but soil gas diffusivity affects the timing of diffusive isotopic equilibration. As shown in Figure 2b , lower diffusivity values result in slower equilibration of the chamber volume. The diffusivity values shown are realistic for porous surface soil layers [Risk et al., 2007] .
Models for Interpretation of Isotopic Data
[17] Two methods are commonly used to predict the value of soil d 13 C-CO 2 diffusing into the chamber headspace: the Keeling technique [Keeling, 1958] used by Soe et al. [2004] and Mortazavi et al. [2004] and the non-linear regression method used by Hogberg and Ekblad [1996] and others.
[18] The Keeling method was developed to interpret mixing rather than non-steady state diffusion. Figure 3a shows Keeling plots for three of the curves in Figure 2a . This assumes six samples taken over a 33.3 minute interval. All plotted have R 2 values exceeding 0.99 but none predicts the correct intercept, as the change in observed transport fractionation during equilibration steepens the Keeling slope. Experimental trials (Figure 3b) showed similar patterns, with predicted Keeling intercepts up to 6 per mil more depleted than known subsurface d 13 C-CO 2 signatures. The steepening effect becomes increasingly important where concentration gradients are weak; our model predicts intercepts depleted by roughly 12 per mil for dC = 750 ppm (see Figure 3b for context) but unfortunately we lack observations under very weak gradients and data variability limits clear resolution of the sharp downward trend. Some authors [e.g., Mortazavi et al., 2004] have applied a fixed À4.4 per mil fractionation offset to the intercept of the headspace chamber Keeling plots. While it is possible to observe a À4.4 per mil offset using the Keeling method, this does not correspond directly to isotopic fractionation but is an artifact of using the Keeling approach in a non steady state environment under a particular suite of conditions.
[19] Non-linear approaches [Hogberg and Ekblad, 1996 ] are valid where soil-chamber concentration gradients are low and isotopic observed fractionation effects are minimized. This approach depends on predicting the asymptote (and equilibrated d 13 C-CO 2 value) from the chamber equilibration curve. As shown in Figure 2a , the d 13 C-CO 2 values will asymptote at the soil value when concentration gradients are very low, but not when moderate or high concentration gradients are present. All of the concentration gradients shown in Figure 2a are plausible in natural settings, meaning that the non-linear method of interpretation may be applicable for some field sites.
[20] In this research field, potential uncertainties associated with use of existing equilibration models imply that future headspace chamber studies might make good use of steady-state sampling techniques, such as Mora and Raich [2007] and Bertolini et al. [2006] .
Other Applications
[21] This study illustrates the isotopic fractionation effects using a soil CO 2 flux application, but many of our observations potentially apply to other isotope species and to research fields where non-steady state diffusion is important. Firstly, theoretical transport fractionations likely govern transport rates, but may not be observed due to confounding effects of concentration gradients. Secondly, observed fractionations move from high (near theoretical) to zero during diffusive equilibration. Lastly, it may be more difficult to predict concentration gradient and volume effects when historical (rather than active) fractionations are being studied (solid earth/crystallization studies especially). The isotopic effects resulting from non steady state diffusion effects are maximized where volumes are finite, and where concentration gradients are high. In some cases, the volumes might be smaller than the total volume of diffusive substance.
Conclusions
[22] The effect of non-steady state diffusion on isotope fractionation is not widely considered, despite the fact that many isotopic studies are conducted under non-equilibrium conditions in nature and in the laboratory. It appears that these processes are predictable given a modeling approach that considers isotopically distinct compounds as separate diffusing species. For this particular application, simulations and laboratory results reinforce the fact that observed transport fractionations are variable during the course of non-equilibrium headspace measurements, and that a theoretical À4.4 per mil kinetic fractionation is unlikely to be observed. Instead, the combined effect of concentration and isotopic gradients results in an observed transport fractionation of 0 -3 per mil in this non-steady state system. Simplified models such as ours may help explain non-steady state fractionations, and will help ensure data integrity and appropriate interpretation of isotopic data in studies of gaseous, liquid, or solid-phase environments.
